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ABSTRACT We report supercontinuum generation extending to
300nminthe UVfromapure-silicaholeyﬁber.Thebroadspec-
trum was obtained by launching ultra-short pulses (∼ 150 fs,
10nJ at 820 nm) from an ampliﬁed Ti:sapphire laser. The ex-
tension of holey-ﬁber-based supercontinuum generation into
the UV should prove to be of immediate application in spec-
troscopy. By slightly detuning the launch conditions we excited
a higher order spatial mode, which produced a narrower super-
continuum, but with enhanced conversion efﬁciency at a series
of blue/UV peaks around 360 nm. We present numerical simu-
lations, which suggest that differences in the dispersion proﬁles
betweenthe modesareanimportant factorin explaining this en-
hancement. In a related experiment, using the same laser source
and ﬁber, we demonstrate a visible supercontinuum from sev-
eral subsidiary cores, with distinct colours in each core. The
subsidiary cores were excited by an appropriate input coupling.
Fabrication of a ﬁber with a range of core sizes (dispersion pro-
ﬁles) for tailored supercontinuum generation can therefore be
envisaged for practical applications.
PACS 42.72.Bj; 42.79.Nv; 42.81.Dp
1 Introduction
Microstructured ‘holey’ ﬁbers haveaunique range
of optical properties [1,2] and have enabled new applications
inspectroscopy[3],metrology[4]andcommunications[5,6].
Although the ﬁeld of supercontinuum research using con-
ventional ﬁbers has been active for many years at wave-
lengths near 1.5µm for telecommunications applications [7],
theuniqueproperties of holeyﬁbershaveenabled thedemon-
stration of a visible supercontinuum in holey ﬁbers pumped
directly with a Ti:sapphire oscillators [8]. This demonstra-
tion encouraged tremendous new research interest to both ex-
plain the origin of this remarkable spectral broadening [9,10]
and to develop further applications [11]. Visible supercon-
tinuum spectra have previously been reported spanning 390–
1600nm using microstructured holey ﬁbers [8,9], and 375–
1500nm [12] using tapered standard ﬁbers. However there is
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strong interest in extending the achievable bandwidths still
further, particularly towards the ultraviolet (UV) regions of
thespectrum[13,14]for usein spectroscopy.
In this paper, we report a detailed investigation of holey-
ﬁber-based UV generation via supercontinuum spectral
broadening at wavelengths below 350nm pumped from
a mode-locked Ti:sapphire source. We report UV generation
at wavelengths at least as short as 300nm. We demonstrate
that coupling into a higher order spatial mode produces en-
hanced UV intensity in a series of peaks near 360nm.W e
believe that this is the ﬁrst demonstration of multiple spectra
usingdifferentcoremodesofasingleﬁberfromasinglepump
source.
Thedispersionproﬁleofaholeyﬁberhasbeenshown[10]
to strongly inﬂuence the spectral shape of the supercontin-
uumproduced.Wepresent,fortheﬁrsttimetoourknowledge,
full vector calculations based on the scanning electron mi-
crograph (SEM) of an actual ﬁber structure, of the dispersion
characteristics of the higher order spatial modes that were
observed to produce enhanced UV generation. Our calcula-
tions show that the zero dispersion wavelength (λ0) is close
to the pump wavelength for the fundamental mode for our
ﬁber, but at signiﬁcantly shorter wavelengths for the higher
order modes. We have used these dispersion proﬁles to per-
form numerical simulations of the continuum spectra in the
fundamental andhigherordermodes,whichareinreasonable
agreement with the measured spectra. Our observation that
pumping close to λ0 creates a broad ﬂat spectrum, whereas
pumping above λ0 creates both red-shifted and blue-shifted
spectral bands, is consistent with the investigations of other
authors [10]into thecontinuumspectrafromthefundamental
spatial mode made using ﬁbers with different core sizes, and
hence dispersionproﬁles.
Finally, using the same ﬁber and laser source, we demon-
strate that by varying the input coupling appropriately, a visi-
ble supercontinuumfromseveralsubsidiarycores can bepro-
duced. The colours of the supercontinuum spectra differ for
each subsidiary core, which we consider is due to differences
between the dispersion proﬁles of each core and also to dif-
ferences between the input coupling efﬁciencies. This initial
demonstration of supercontinuum generation in a multi-core
ﬁber shows the potential for designing a ﬁber with an array
of cores with different dimensions (dispersion proﬁles) thatApplied Physics B – Lasers and Optics
canbeselectivelyexcitedfortailoredspectralgenerationfrom
asingle ﬁberstructure.
The choice of ﬁber material is important for efﬁcient UV
generation in order to avoid unacceptable absorption (atten-
uation). High UV transmission losses affect standard silica-
based ﬁbers that are used to fabricate tapers for supercontin-
uumgeneration,becausetheionstypicallyincorporatedinthe
ﬁber core in order to obtain the required transverse refractive
index proﬁle result in strong absorption in the UV (e.g. ger-
manium doped silica has ∼ 10,000dB/km stronger absorp-
tion[15]at250nmcomparedwith pure(undoped)silica). We
expect that the comparatively low material loss of the single-
material pure-silica holey ﬁber as used in the experiments
presented here should make such ﬁbers strong candidates for
efﬁcientﬁber-basedUVsupercontinuumsources.
This paper is structured as follows. In Sect. 2 we describe
the details of the experiment, and the properties of the holey
ﬁber. In Sect. 3, we describe our numerical simulations and
compare the results to our experimentally measured spectra.
In Sect. 4 we report our observations of supercontinuum gen-
eration in several subsidiary cores of the ﬁber, and in Sect. 5
wedrawourconclusions.
2 Experimental observation of UV supercontinuum
Supercontinuumgenerationwasproducedbycoup-
ling high-energy ultrashort pulses into a short length of holey
ﬁber. A schematic of our experimental setup is shown in
Fig. 1. The supercontinuum generation at visible and near-
infraredwavelengthswasrecordedusingaﬁber-coupledopti-
cal spectrum analyzer, whereas a UV-optimised spectrometer
and cooled CCD were used for wavelengths extending to be-
low 300nm. The spectral data presented in this paper were
producedusingapumpwavelengthofλpump =820nm.Coup-
ling into the fundamental mode, which has a zero-dispersion
wavelength λ0 close to λpump, produced a yellow coloured
supercontinuum. However, by coupling into a higher order
mode, we produced a dramatic change in the colour of the
supercontinuum to bright blue-white, and we recorded UV
spectra for the two-lobed mode showing power transferred
to a series of peaks around 360nm. By pumping at a shorter
wavelength, we produced a wider variety of colours in higher
ordermodes,as shownin Fig. 4.
Thissectionisstructuredasfollows:Section 2.1describes
the characteristics of the holey ﬁber. Section 2.2 presents the
results showing UV generation to wavelengths as short as
300nm in the UV. Section 2.3 shows the results obtained by
FIGURE 1 Experimental conﬁguration for characterizing supercontinuum
extending into the UV
FIGURE 2 a and d Numerically predicted intensity proﬁles (1-dB contour
spacing) and corresponding near-ﬁeld photographs (produced by imaging the
ﬁber end using a 100× microscope objective) for two-lobed spatial modes.
b Calculated dispersion for fundamental and two-lobed spatial modes. c Cal-
culated Aeff for the fundamental spatial mode (similar for two-lobed modes).
The solid and dashed curves are for the two principal polarization axes of the
highly birefringent ﬁber
coupling into higher order spatial modes (enhanced conver-
sion efﬁciency into UV peaks). Section 2.4 is a brief report
of our observations of laser-induced damage to the ﬁber input
facet.
2.1 Properties of the holey ﬁber
A SEM image of our robust jacketed polarization-
maintaining holey ﬁber is shown in the inset to Fig. 1. Ho-
ley ﬁbers with a small core and large-air-fraction cladding
have a greatly reduced mode area (typically ∼ 30–50 times
smaller compared with a Corning SMF28 ﬁber). This small
mode area increases the effective nonlinearity and drasti-
cally reduces the zero-dispersion wavelength down to visible
wavelengths [2] (compared to the minimum of 1.3µm ob-
tainable from a standard single-mode ﬁber [16]). The ﬁber
has a ∼ 1.6µm diameter core, and a large air ﬁll fraction in
the cladding and this combination results in a highly conﬁned
modewith Aeff ∼2.5µm2.Theﬁberisrigorouslysinglemode
at wavelengths above 1µm, but supports higher order modes
at shorterwavelengths.
As mentioned in the introduction, we observed supercon-
tinuum generation in higher order spatial modes, which was
accompanied by enhanced spectral conversion in strong UV
peaks. To further understand this process, we have calculated
the mode area and dispersion properties of the fundamen-
tal and next lowest order ﬁber modes, as shown in Fig. 2.
The calculated dispersion proﬁles (Fig. 2b) show that the two
polarisation modes (quasi-linearly polarized) associated with
eachtransversemodearenotdegeneratebecausetheasymme-
tryoftheﬁberproﬁleleadstomodesplitting.(Bycomparison,
these pairs of quasi-linearly polarized modes would remain
degenerate for a ﬁber with an idealized hexagonal hole con-
ﬁguration [17].) It is therefore crucial to use a full vectorial
method to calculate the properties of this small-core ﬁber,
and we useda full vectorial implementation ofthe orthogonalPRICEet al. UV generation in a pure-silica holey ﬁber
FIGURE 3 a Broadband supercontin-
uum spectrum extending from 300 (UV)
to 1600 nm (IR). b Calculated efﬁ-
ciency of the UV-optimized spectrometer.
The spectrometer mirror efﬁciency (not
shown) is 92% across the spectral range
considered, and is included in the overall
efﬁciency. c Transmission characteristics
of the coloured ﬁlter used to eliminate
unwanted long-wavelength scatter. d UV
spectra from 300 to 500nm recorded with
and without coloured ﬁlter
functionmethod[1,18]incorporatingbothoddandevenfunc-
tions to describe the modal ﬁelds and holey ﬁber proﬁle. The
material dispersion of silica was incorporated in the calcula-
tionsdirectly via useofthe Sellmeier equation.
The numerically predicted intensity proﬁles of the two-
lobedspatialmodes,andnearﬁeld photographsofcontinuum
generation in each mode are shownin Fig. 2a and d. (A 100×
microscope objective was used to image the ﬁber output onto
a screen.) The predicted intensity proﬁles match the observed
mode-shapes well, including details of the asymmetries in
each direction. The dispersion predictions for the two-lobed
modesandforthefundamentalmodearepresentedin Fig. 2b.
The three pairs of different dispersion proﬁles (hence differ-
ent λ0) create distinctive supercontinuum spectral shaping.
The zero dispersion wavelengths are: λ0 = 795 and 838nm
(polarisation-dependent)forthefundamentalmode;λ0 = 611
and 629nm(polarisation-dependent) for the mode of Fig. 2a;
and λ0 = 671 and 694nm (polarisation-dependent) for the
modeofFig. 2d.Theinjection wavelength usedinourexperi-
ments (λpump =820nm) is shown in Fig. 2b. The calculated
effective mode area (Aeff) of the fundamental mode is shown
in Fig. 2c. We also calculated Aeff of all six modes to be:
2.32 and 2.43µm2 for the two principal polarisation axes of
the fundamental mode; 2.01 and 2.05µm2 for the mode of
Fig. 2a;and2.34and2.38µm2 forthemodeofFig.2d(allcal-
culatedatawavelengthof675nm,whichisclosetothecentre
oftheobservedsupercontinuumspectra).
The measured loss of the ﬁber (fundamental mode) is
∼ 40dB/km at a wavelength of 1.55µm [5]. However sin-
gle material holey ﬁbers with losses as low as 0.58dB/km at
λ = 1.55µm have been fabricated [19], and therefore excess
loss should not be a constraint on the performance of fu-
ture practical devices based on this technology. Calculations
basedon the multipole method [20]indicate thatconﬁnement
loss provides a signiﬁcant contribution to the total measured
loss in this ﬁber, but that it should be possible to reduce the
conﬁnement loss for this ﬁber to well below 0.1dB /km sim-
ply by adding more rings of air holes. In any ﬁber, higher
order modes extend further into the cladding, and therefore
have a higher associated conﬁnement loss. Although detailed
measurements and predictions have not been made for the
higher ordermodes ofthe ﬁberusedhere, it isanticipated that
these modes would experience very large conﬁnement loss,
and so would not be observable in long ﬁber lengths. This
effect was observed experimentally because for the mode of
Fig. 2a,whichhasλ0 and Aeff furthestfromthoseofthefunda-
mental mode,wecouldmuchmoreeasilyobservetransmitted
power through a 15cm ﬁber length compared with a 25cm
ﬁberlength,whereasweobservedthemodeofFig. 2dthrough
a longer length of ﬁberwithoutdifﬁculty.
2.2 Broadband supercontinuumgeneration extending
intothe UV
In this section we describe our experimental setup
andthespecial precautionsusedtomakemeasurements inthe
UV. The experimental arrangement is shown in Fig. 1. High-
energyultrashort(∼ 150fsFWHM)pulsesatawavelengthof
820nmfromamode-lockedTi:sapphire lasersystem(TEM00
mode, average power ∼ 10mW, repetition rate = 250kHz)
were launched into a ∼ 25cm length of holey ﬁber using
a4 0 × microscope objective. By maximising the coupling ef-
ﬁciency, welaunched∼ 25%ofthe incident power(launched
energy ∼ 10nJ, peak power ∼ 50kW). The supercontinuum
at the ﬁber output was recorded at visible and near-infrared
wavelengths using a ﬁber-coupled optical spectrum analyzer
(ANDO AQ6315B), and using a UV-optimised spectrometer
(appropriately blazed diffraction grating; UV-enhanced CCD
detector) for wavelengths atleastas shortas 300nm.W eu se d
UV fused-silica (UVFS) lenses to couple light into the spec-Applied Physics B – Lasers and Optics
trometer in order to avoid the poor transmission of standard
BK7glass lensesat shortwavelengths.
Figure 3a shows the observed supercontinuum extend-
ing from < 300nm to > 1600nm and combines the data
from the optical spectrum analyzer and spectrometer. We
have considered the wavelength variation of the spectrom-
eter efﬁciency, calculated from the efﬁciency curves of each
spectrometerelementshowninFig. 3b.Theoverallspectrom-
eter efﬁciency was found to be approximately uniform from
∼ 250 to 800nm, so we have not adjusted the UV spectra
of Fig. 3a and d for instrument variation. The spectrometer
slit width was held constant to minimise variations in spa-
tialmodeﬁltering.Scatter fromhigherorderdiffractionofthe
pump (820nm) and longer wavelengths was removed using
a UG1 coloured ﬁlter from Schott Glass, which blocks most
wavelengths >600nm.Figure 3c showsthe overall efﬁciency
ofthespectrometerwithandwithouttheﬁlter.Thedifferences
between the ﬁltered and unﬁltered spectra should comprise:
(i) weak attenuation at the measured UV wavelength, and
(ii) strong attenuation of longer wavelengths, which removes
potential false counts caused by 2nd order diffraction. Fig-
ure 3d shows the UV spectra with and without the coloured
ﬁlters. The differences between the ﬁltered and unﬁltered
spectra match the absorption of the coloured ﬁlter at the UV
wavelength, so we concluded that scatter from higher order
diffraction of long wavelengths was not distorting the unﬁl-
tered spectrum. The measurements therefore conﬁrm that the
supercontinuum spectrum extends down to at least 300nm in
theUV.
For the supercontinuum produced in the fundamental
mode of our ﬁber (λ0 close to λpump), we interpret our ob-
servation of UV generation to 300nm, which represents
a more extreme broadening towards the UV than typically
reported [8,10], to result from differences between the pre-
FIGURE 4 a Experimental setup for de-tuning the launch into the holey
ﬁber. b Far-ﬁeld photographs of the colours produced in higher order spatial
modes. (i)–(iii) λpump = 820 nm; (iv)–(vi) λpump = 675 nm. The orientations
of the modes correspond to those of the near ﬁeld images in Fig. 2
cise form of the dispersion proﬁle of our ﬁber compared with
the ﬁbers studied by other authors, and perhaps also from
our detailed observations usingaspectrometer withenhanced
sensitivity inthe UV.
2.3 EnhancedUV generation in higher order
spatial mode
Despite the wide interest in supercontinuum re-
search, there have been few previous reports of the super-
continuum in higher order spatial modes [13,21,22]. Due to
the large index difference between core and cladding modes
of small-core high-air-ﬁll-fraction holey ﬁbers, the effective
index of the fundamental mode, which is mostly conﬁned
within the core, is substantially greater than for higher order
modes, which extend into the holey cladding. It is therefore
comparatively difﬁcult to couple to higher order modes of
these holey ﬁbers, and the perturbations that couple modes
in standard ﬁbers (small variations of core diameter result-
ing from fabrication and bending of the ﬁber) are compara-
tively less effective at mode-mixing. However, Fig. 4 illus-
trates that by slightly detuning the pump launch from that for
optimal launch efﬁciency, we obtained strong coupling into
higher order spatial modes accompanied by a visually stun-
ning change in the color of the ﬁber output from pale yellow
(Fig. 4b (ii)) to bright white (Fig. 4b (iii)), which led us to in-
vestigatethesupercontinuumspectruminto theUV.
Usinga pump wavelength of ∼ 820nmproduced only the
fundamental mode of Fig. 4b (ii), or the two-lobed mode ori-
ented as shown in Fig. 4 (i) and (iii). We observed that the
mode-colour of Fig. 4b (iii) was associated with the strongest
UV generation. Using an OPA system to provide a pump
wavelength of ∼ 675nm (similar pulse energy and duration
compared to 820nm pulses), we observed a wider range of
colours produced in higher order modes and with lobes in
either orthogonal orientation, as shown in Fig. 4b (iv)–(vi).
The relative ease of generating the supercontinuum in higher
order modes when λpump = 675nm (compared with λpump =
820nm)could be because the pumpwavelength is then closer
to λ0 of the higher order modes, although we have not identi-
ﬁed the exact mechanism.
The average power transmitted in the higher order modes
was typically ∼ 1m W , compared with ∼ 2mWin the fun-
damental mode. The reduction in transmitted power is due
to lower launch efﬁciency (off-axis launch) and to somewhat
highertransmissionlossesinthishigherordermode,buthigh-
energy pulses (up to 5nJ) could still be launched into this
higher order mode. The orientation of the two-lobed mode
was predominantly that shown in Fig. 4b (iii), which corres-
pondsto themodeofFig. 2d.
Coupling into the two-lobed mode of Fig. 4b (iii) re-
sulted in an enhancement of the power at wavelengths close
to 360nm, and a narrowing of the supercontinuum. Figure 5
(top) shows the results from coupling into the two-lobed spa-
tial mode (shown inset). Figure 5 (lower) shows the results
from coupling into the fundamental mode (shown inset). The
spectrum from the two-lobed mode (Fig. 5a (top)), was nar-
rower compared with the spectrum from the fundamental
mode (Fig. 5a (lower)), but retained strong spectral conver-
sion to < 450nm wavelengths. Enhanced UV generation atPRICEet al. UV generation in a pure-silica holey ﬁber
FIGURE 5 Continuum spectra from
coupling into two-lobed spatial mode
(upper plots), and coupling into the
fundamental mode (lower plots). Inset:
photographs of corresponding far-ﬁeld
modes. a Wide span measurements. b Se-
ries of UV peaks at ∼360 nm. The
coloured lines correspond to increasing
pump pulse energies: +0,1,2,3,5a n d
6dB with respect to the lowest intensity
trace. (Due to different signal averaging
times, quantitative comparison of the up-
per and lower plots is not possible.)
a series of peaks near ∼ 360nm is demonstrated in Fig. 5b
from the two-lobed mode (top plot), but the peaks are not
presentin the fundamental mode spectrum (lower plot). A set
of neutral density ﬁlters was used to vary the input power,
and which resulted in the increasing intensity levels shown in
Fig. 5b. As described in Sect. 2.2, we used coloured ﬁlters to
block unwanted scatter from the longer wavelengths, which
couldotherwisedistort the UVmeasurements.
2.4 Observation of laser-induced damage to the ﬁber tip
We observed that perturbations to the input launch
conditions (e.g. caused by knocking gently on the optical
table near the lens mount) could somehow change the ﬁberso
that it was no longer possible to couple into the fundamental
mode, but only into the two-lobed mode (which was associ-
ated with enhanced UV generation, as our previous measure-
ments demonstrated). By re-cleaving the ﬁber tip to reveal
a new facet we could again excite the fundamental mode.
We suggest that our observations are due to optically induced
damage to the ﬁber facet, which would cause the pump light
to couple into the higher order mode for all launch conﬁgu-
rations (although we have not identiﬁed the precise damage
mechanism). This explanation is consistent with reports from
other groups [13,29] that signiﬁcant UV generation was only
obtained following melting of the ﬁber facet (as observed
from SEM images) when using 1W incident average power
from a high repetition rate source, but with pulse characteris-
tics(FWHM∼200fs,energy∼ 14nJ)similartothoseusedin
ourexperiments.
3 Comparison of experimental results
with numerical simulations
In this section, we compare the results of our nu-
merical modeling with the experimentally measured spec-
tra. We performed the modeling to provide insight into the
mechanisms giving rise to the enhanced UV generation in
the higher order spatial mode. When considering which pa-
rameters to include in the model, we ﬁrst noted that in order
to excite the higher order mode it was necessary to detune
the launch with respect to that used for optimum coupling
into the fundamental mode. In addition, the ﬁbers used in our
experiments were quite short (25cm), so strong coupling be-
tween modes subsequent to launch would be unlikely. We
therefore considered that coupling into the two-lobed mode
occurred solely at launch, and not by mode-mixing from
the fundamental mode after launch. This suggested that the
properties (nonlinearity, dispersion) of the two-lobed mode
alone could be responsible for the spectral shaping, rather
than a more complex inter-modal process. As described in
Sect. 2.1, the effective mode areas of the fundamental and
two-lobed mode are very similar, implying similar effective
nonlinearities forthese modes. However,the dispersionprop-
erties are dramatically different; in particular, the two-lobed
mode has λ0 ∼ 690nm compared with λ0 ∼ 810nm for the
fundamental mode. The shorter λ0 of the higher order mode
would cause phase-matching to transfer energy further to-
wards the UV, and would explain the general observation of
enhanced UVgeneration.
To support our suggestion that the difference between the
supercontinuum produced in different spatial modes is prin-
cipally due to differences between the dispersion proﬁles of
those modes, we performed numerical simulations based on
the dispersion proﬁles for those modes. Our numerical model
(ignoring ﬁber losses) uses a generalized scalar propagation
equation suitable for use in studying broadband pulse evo-
lution, which has also been used by other authors in the
ﬁeld [23,24]:
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where A = A(z,t) is the electric ﬁeld envelope, βk are
the dispersion coefﬁcients at the center frequency ω0, γ =
n2ω0/(cAeff) is the nonlinear refractive index, and Aeff is the
effective area of the ﬁber. The right-hand side of the propa-
gation equation models the effects of the nonlinear propaga-
tion, including self-phase modulation, self-steepening, opti-
cal shock formation, and intra-pulse Raman scattering. TheApplied Physics B – Lasers and Optics
response function R(t) = (1− fR)δ(t)+ fRhR (t) includes
boththeinstantaneousanddelayednonlinear responsesofthe
ﬁber,where fR = 0.18isthefractional contribution oftheRa-
man delayed response. For hR, we used the experimentally
determined Raman response of silica. To solve the propaga-
tion equation, we used a standard split-step Fourier algorithm
treatingdispersioninthefrequencydomainandthenonlinear-
ity in the time domain, apart from the temporal derivative for
the self-steepening effect, which was evaluated using Fourier
transforms.
We used the dispersion and Aeff d a t af r o mS e c t .2 . 1 ,a n d
chose parameters for our launched pulses that would cor-
respond to the experimentally observed average transmitted
power from the ﬁber (E ∼ 10nJ, in the fundamental mode,
E ∼ 5nJ, in the two-lobed mode; λpump = 820nm,F W H M
∼ 150fs for both modes). We also performed simulations for
pulses with half of these energies and the results were quali-
tatively similar, with only slight variations in the bandwidth.
Our simulation results show the expected [24] spectral ﬁne
structuring and we applied a rolling average to smooth the
data, which were then approximately comparable to the time-
averaged experimental measurements. We present simulation
resultsforoneoftheprincipalpolarisationaxes,buttheresults
werequalitativelysimilarfortheotheraxis.Wenotethatthere
are further reﬁnements that can be made to the above NLSE
to include effects such as loss along the ﬁber length, ultra-
violet and infrared absorption bands, polarisation coupling,
and the wavelength dependence of the effective mode area.
However, the simulations show reasonable qualitative agree-
ment withthe experimental spectra.
The results of our simulations (red) and the experimental
data (black) are shown in Fig. 6 for both the fundamental and
two-lobed modes. The simulation and experimental spectra
showreasonable qualitative agreement: the simulation results
forthefundamentalmodeshowabroadﬂatspectrumwithap-
proximate agreement withthe experimentally observedband-
width; and the simulation results for the higher order mode
show a narrower spectrum, but with signiﬁcant power at blue
wavelengths. Given the complexity of the phenomenon of the
supercontinuum in higher order modes, and the approxima-
tions made in our simulations, exact agreement between sim-
ulationsandexperimentalobservationscouldnotbeexpected.
However,themainfeaturesobservedinoursimulation results
are consistent with our experimental spectra. Our simulation
resultsarealsoconsistentwithbothexperimental andtheoret-
FIGURE 6 Experimental (black)a n d
theoretically modeled (red) supercontin-
uum spectra: a fundamental mode; b two-
lobed mode (Fig. 2d)
ical results from other groups [10] that have used ﬁbers with
different λ0 in relation to the pump wavelength, but always in
the fundamental spatial mode: i.e. pumping near λ0 produced
a broad ﬂat spectrum, and pumping on the anomalous disper-
sion side of λ0 produced discrete red-shifted and blue-shifted
bands.
Figure 6b shows that the principal difference between
the simulation and experimental spectra for the higher order
mode is that the simulation shows a lower intensity near λ0
(690nm). We suspect that the higher intensity observed ex-
perimentally arises from a non-ideal launch into the higher
ordermoderesultinginresidualexcitation ofthefundamental
mode,asshownbythephotographsofFigs.2and5.Similarly,
for the spectrum of the fundamental mode shown in Fig. 6a,
a small fraction of the launch power coupled into the higher
ordermodecouldberesponsiblefortheshoulderintheexper-
imentally observed spectrum at ∼ 450nm that is not present
in the simulation result (the simulations predict a peak in
the higher order mode spectrum at approximately that wave-
length). The simulations predict strong pump depletion such
that there is no peak remaining at the pump wavelength. This
is consistent with the simulations of other authors [9,21], and
wesuspectthat theexperimentally observedpeakat thepump
wavelength is due to a small fraction of the incident power
guided by lossy cladding modes and observed because the
ﬁber length is short. Overall, we believe that the simulation
results provide support for our suggestion that the difference
in general form of the supercontinuum spectra is principally
due to the differences between dispersion proﬁles of the fun-
damental and two-lobed modes.
4 Supercontinuumgeneration in subsidiary cores
In this section we describe our observations from
a related experiment that produced a supercontinuum in sev-
eral subsidiary cores of the ﬁber. Examples of multiple-core
holeyﬁbersthathavepreviouslybeenreportedincludeadual-
core holey ﬁber [25], and a holey ﬁber containing several
cores of different dimensions [26]. However, this is the ﬁrst
time, to our knowledge, that supercontinuum generation in
secondarycoresofaholeyﬁberhasbeendemonstrated.Inthe
ﬁber used here, the ‘subsidiary’ cores arise where imperfec-
tions in the structure have created relatively thicker regionsof
silica.Inthefuture,itwouldbestraightforwardtoenvisagethe
systematic fabrication ofmultiple coresusingadditional solidPRICEet al. UV generation in a pure-silica holey ﬁber
FIGURE 7 a Example far-ﬁeld image
observed when a continuum was pro-
duced in a subsidiary core of this multi-
core ﬁber. b–d Near-ﬁeld pictures show-
ing the continuum in principal and sub-
sidiary cores, with an overlaid SEM of
ﬁber structure. Note that band c are single
pictures, whereas d is a composite image
to show the variety of colours seen in dif-
ferent cores. The diamond shapes in b
indicate the subsidiary cores in which we
observed continuum generation
cores in the capillary stacking process. The experimental ar-
rangement was similar to that used for continuum generation
inthehigherordermodesoftheprincipalcore(Fig. 5a),using
the same pump pulses and holey ﬁber, but with more extreme
detuningof thelaunch.
Figure 7a shows a typical far-ﬁeld mode shape produced
by a continuum in a subsidiary core, observed as scattered
light from a white card a few centimeters from the ﬁber end;
the six-fold symmetric pattern in a uniform colour is sur-
prising because the ﬁber does not have a perfectly regular
hexagonal structure, and it is substantially different from the
far-ﬁeld images of higher order modes in the principal core
(Fig. 2). However, the observed geometric nature of the far-
ﬁeld modes was characteristic of our observations of con-
tinuumgeneration in subsidiarycores.
Figure 7b–d shows near-ﬁeld pictures of the supercon-
tinuum in subsidiary cores that were recorded using a 100×
microscope objective to focus the ﬁber output onto a screen.
Using a camera on a tripod, we recorded all of the near-ﬁeld
images from the same relative position, and we then matched
theimages to thesubsidiarycoresbyoverlaying thoseimages
onto the SEM of the ﬁber. In contrast to the far-ﬁeld image,
the near-ﬁeld images show that the mode shapes clearly fol-
low the ﬁber structure; the modes in Fig. 7c and d spread into
neighboring subsidiary-cores where the struts are broad, and
thusthesubsidiarycoremodesarepoorly conﬁned.
Figure7b–d demonstrates that characteristic colours were
producedbyeachcore.Thecoloursinanycorechangedwhen
a half-wave plate was used to rotate the plane of polarisation
of the input pulses. The dispersion of a holey ﬁber has been
shown [10,27] to be a controlling factor for supercontinuum
spectral broadening, and we interpret the distinctive colours
associatedwith each subsidiarycore tobe anindication ofthe
different dispersions of these cores. The size of all the sub-
sidiary cores (∼ 1µm) was of the same scale as the guided
wavelengths, so we would expect the waveguide dispersion
to be a sensitive function of the precise core dimensions. The
strong asymmetry of the subsidiary cores also leads to sub-
stantially different dispersion properties for the orthogonal
polarisationaxes,whichwouldcausethecontinuumcolourto
changewith variations of theinputpolarisation.
We also considered the increased losses of these sub-
sidiarycores.Inanidealizedholeyﬁber,theaveragerefractive
index of the periodically arranged cladding, is lower than
the refractive index of the solid core region, and so light is
guided by this effective refractive index difference (∆n).A s
explained [20] in Sect. 2, reducing the conﬁnement losses
for small-core holey ﬁbers (to a few dB/km) requires a suf-
ﬁcient diameter of holey (microstructured) cladding around
each core (number of rings of holes). It has previously been
empirically determined [26] that in order to conﬁne light of
wavelength λ, all ﬁne silica struts surrounding a subsidiary
coremustbelongerthan∼ 2λ,andnarrowerthan∼ 1.2λ.The
supporting struts in our ﬁber were short and wide compared
with the wavelength of the guided light, and the conﬁnement
losses of the subsidiary cores were therefore high. The con-
ﬁnementlosseswereevidentexperimentally becausetheﬁber
glowed much more brightly (unguided light) when the con-
tinuumwasproducedinsubsidiarycorescomparedwithwhen
the continuum was produced in the main core. Furthermore,
we only observed the supercontinuum in subsidiary cores
using a shortﬁber length (15cm as opposed to a 25cmlength
for our other measurements). The average power transmitted
throughtheﬁberinsubsidiarycoreswas∼ 0.5mWcompared
with ∼ 2.5mWin the central core, due to a combination of
the increased conﬁnement losses and the reduced launch ef-
ﬁciency. However, we suggest that it should be possible to
dramatically reduce excess losses by choosing an appropri-
ately designed ﬁberstructure.
Overall, we believe that this initial observation of super-
continuum generation in several subsidiary cores of a holey
ﬁber demonstrates the potential for fabrication of a ﬁber with
several cores of different dimensions for tailored continuum
generation fromasingleﬁber.
5C o n c l u s i o n
In conclusion, we have demonstrated supercontin-
uum generation from 300nm in the UV to above 1600nm in
the IR from a pure-silica holey ﬁber. Care was taken to con-
sider the efﬁciency of our UV-enhanced spectrometer across
the blue/UV spectral range, and we used coloured glass ﬁl-
ters to block unwanted scatter from longer wavelengths. By
couplingintoatwo-lobedspatialmode,wemeasuredsubstan-
tially enhanced UV generation in a series of blue/UV peaks
at wavelengths near 360nm. Since the ﬁber lengths used in
ourexperimentwerequiteshort(∼15cm),andbecauseitwas
necessarytodetune thelaunchinordertocoupleinto thetwo-
lobed mode, we believe that the enhanced UV results from
differences in the dispersion proﬁles of the fundamental and
higher ordertwo-lobedmodes.To enhanceourunderstanding
of thisprocess,weusedafullvector modelbased ontheSEM
of the ﬁber structure to calculate the dispersion proﬁles for
the fundamental mode, and for the two orthogonally oriented
two-lobed modes. We also performed numerical simulations
of supercontinuum spectra produced by these dispersion pro-
ﬁles. The simulation and experimental results are in reason-
able qualitative agreement, which provides support for ourApplied Physics B – Lasers and Optics
suggestion that the enhanced UV generation is due in large
part to the differences in the dispersion proﬁles of the distinct
spatialmodes.
We have also demonstrated visible supercontinuum with
distinct colours produced in several subsidiary cores of our
multi-core ﬁber. We interpret the different colours produced
by each subsidiary core to result from variations in the dis-
persion proﬁles of the cores (and from the reduced launch
efﬁciency).
We believe that the extension of holey-ﬁber-based su-
percontinuum generation into the UV will prove to be of
immediate practical application in spectroscopy. Following
the results presented here, we could envisage the design of
a ﬁber with optimised dispersion characteristics for enhanced
UV generation. Power scaling to generate substantial UV in-
tensity should be possible by using a higher repetition rate
system compared with the 250-kHz source used in these ex-
periments. Any such work would ideally consider new pump
wavelengths in order to exploit more practical sources for su-
percontinuum generation based on diode-pumped ytterbium-
doped ﬁber ampliﬁers [28]. Following our demonstration of
thesupercontinuum in several subsidiary cores, it is now pos-
sibletoconsiderthefabricationofaﬁberspeciﬁcallydesigned
with a selection of multiple cores with different dimensions
toenableseveraltailoredsupercontinuumspectratobegener-
ated fromasingleholeyﬁber.
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NOTE ADDED IN PROOF RecentresultsofEﬁmovet.al.[29]
have since demonstrated UV generation in a high-order mode of a micro-
structured ﬁber, extending to 260nm.
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